In this paper, we reported a Raman scattering study of epitaxial graphene on different doped 6H-SiC ͑0001͒ substrates and investigated the substrate induced charge-transfer doping to the epitaxial graphene. We found that the charge carrier type and concentration of epitaxial graphene can be altered by SiC substrates with different doping level and doping type. This effect is comparable to that obtained by electrochemical doping. As Raman scattering is very sensitive to the doping level, the charge carrier concentration of epitaxial graphene can be estimated by the Raman G-peak shift. Our results are fundamental and may have implications for future epitaxial-graphene-based micro/ nanoelectronic devices.
I. INTRODUCTION
Graphene and graphene multilayer grown epitaxially on the single-crystalline silicon carbide ͑SiC͒ by Si depletion 1, 2 have attracted much attention recently due to their unique properties. The epitaxial growth technique is one strategy for the wafer-scale production of graphene, 3 as the other methods show difficulties to get large scale and uniform samples up to now. As the epitaxial graphene on SiC shows great potential for future electronic devices, it is very fundamental to control the charge carrier doping. Substitution doping for epitaxial graphene is not available so far and an alternative way to control its charge carrier is to use either external gating 4, 5 or internal doping. Recently, both experimental and theoretical studies have revealed the charge transfer doping for epitaxial graphene by adsorbing atoms or molecules on its surface. 6, 7 However, the adsorption is unstable and the doping also includes the contribution from the SiC substrate. Thus, it is very important to understand the charge transfer between SiC and graphene in order to control the charge carrier doping.
Raman scattering has been proved to be a powerful tool for investigating the electron-phonon interaction of the carbon-based materials. 8 The G and the 2D bands are particularly interesting for studying the effect of strain or doping-induced charge transfer. [8] [9] [10] [11] Various Raman studies of epitaxial graphene on the SiC have been done recently [12] [13] [14] [15] [16] [17] [18] [19] with focus on the layer numbers and the in-plane strain. However, there is still insufficient data addressing the substrate doping effect. In this work, we have prepared epitaxial graphene on different doped 6H-SiC ͑0001͒ substrates and studied the substrate doping effect by Raman spectroscopy.
II. EXPERIMENTAL DETAILS
The epitaxial graphene was prepared first on different N-doped 6H-SiC ͑0001͒ substrates provided by Tanke-Blue Industries, Beijing, China, one was lightly doped ͑type-I͒ and another heavily doped ͑type-II͒. Table I lists several electrical parameters of the two substrates measured by BIO-RAD Microscience Division HL5200 Hall system at the room temperature. Prior to growth, the 6H-SiC ͑0001͒ substrates were calcined in hydrogen atmosphere first at 1600°C for 10 min to remove polishing damages. During the growth, the substrate was loaded into a hot-wall chemical vapor deposition reactor. The growth environment was pumped to a base pressure of 2 ϫ 10 −5 Pa under an Ar flow protection. After a preliminary heating at 1050°C for 30 min to remove the native oxide, the substrate was then heated at 1350°C for 5-10 min then cooled down to room temperature. 3 The sample surface topography was imaged by atomic force microscopy ͑AFM͒ ͑Nanoscope Multimode SPM from Veeco͒ and the average thickness of the as-grown graphene was checked by x-ray photoelectron spectroscopy ͑XPS͒ ͑ESCALAB-5 from VG͒. Raman spectra were collected by a JY-T64000 high-resolution Raman spectrometer using a He-Ne laser ͑ = 632.8 nm, power= 8.6 mW͒.
III. RESULTS AND DISCUSSIONS
AFM image of a polished on-axis N-doped 6H-SiC ͑0001͒ substrate is shown in Fig. 1͑a͒ in which scratches can be clearly seen. After calcining in hydrogen at 1600°C for 10 min, scratches disappeared and regular steps formed on the surface ͓Fig. 1͑b͔͒. Epitaxial graphene was grown at 1350°C and steplike features indicating its discrete and layered structure ͓Figs. 1͑c͒ and 1͑d͔͒. Scanning tunneling microscope image of as grown graphene ͓inset of Fig. 1͑d͔͒ shows clear moiré pattern resulted by the mismatch between the monolayer epitaxial graphene and the SiC substrate. Figure 2͑a͒ plots typical Raman spectra of epitaxial graphene grown on the type-I substrate with different layers. In comparison, Raman spectrum from bare SiC and highly oriented pyrolytic graphite ͑HOPG͒ are also included. The average layer number of the epitaxial graphene ͓marked in Fig. 2͑a͔͒ caused by a defect-assisted one-phonon double resonance effect, exhibits two remarkable features: it shifts to higher frequencies with increasing incident laser excitation energies and its relative signal strength ͑compared to the G line͒ depends strongly on the amount of disorder or the size of the crystal. The related 2D-line overtone, a reflection of a twophonon double resonance effect, 17, 22 is very sensitive to the electronic structure and the stacking order along the c-axis. From Figs. 2͑b͒, 2͑d͒, and 2͑e͒, we can clearly see that the graphene G peak is redshifted with increasing layer numbers, while the peak full width at half maximum ͑FWHM͒ does not change. The graphene G peak is also blueshifted compared to that of HOPG or cleaved graphene but not as much as that reported before. 12, 13 The small shoulder appeared around 1620 cm −1 is caused by the small crystalline size of epitaxial graphene. 23 We conclude that epitaxial graphene composes of many graphene crystalline domains with the same orientation. The graphene crystalline size, which depends on the growth temperature, the growth duration, and the quality of the substrate, can also be deduced from the ratio I͑D͒ / I͑G͒ by the Tuinstra-Koening relationship. 22, 24 The graphene 2D peak is broadened and blueshifted with increasing layer numbers, as shown in Figs. 2͑c͒-2͑e͒. The overall 2D peak for epitaxial graphene on SiC is also blueshifted as compared to the cleaved graphene on SiO 2 . Moreover, the 2D-peak shape, which was only be fitted by a single Lorentzian, shows no clear asymmetry, nor a shoulder, even when the stacked layer numbers exceed ten. The stacking order of our epitaxial graphene prepared in low-vacuum may not follow the A-B stacking style, 15, 25, 26 as the stacking order could be misoriented in some growth condition even on Si-face. 3, 27, 28 The Raman spectra of epitaxial graphene grown on the two different N-doped 6H-SiC ͑0001͒ substrates are clearly different ͓Fig. 3͑a͔͒. Epitaxial graphene grown on type-II substrate has much higher G-and 2D-band frequencies at 1593.4 and 2674.8 cm −1 , respectively, compared to 1588.5 and 2665.8 cm −1 for epitaxial graphene on type-I substrate. As the epitaxial graphene grows thicker on type-II substrate, all three Raman peaks, D, G, and 2D show lower frequencies ͓as shown in Fig. 3͑b͔͒ . This redshift behavior may be resulted from the screening effect as the charge carrier doping can be screened by the lower layers of the thick graphene. Notice that the 2D-peak shifts for graphene on type-II substrate are contrary to those on type-I substrate, and the G-peak shifts for graphene on type-II substrate are bigger than that for type-I substrate, as shown in Figs. 3͑c͒ and 3͑d͒.
As we know, several groups have already reported that the G-and the 2D-peak shifts for graphene are influenced by the strain effect 12, 18, 19 and charge-transfer doping effect.
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Based on their first-principle calculations, the uniaxial strain, which breaks the symmetry of sublattice and affects the electronic properties of graphene, leads to the redshifts of the 2D and the G bands as well as the G-peak splitting. 19 In comparison, the biaxial strain does not move the relative positions of the Dirac cones, so the biaxial strain only leads to the blueshift ͑compressive strain͒ or the redshift ͑tensile strain͒ of the G and the 2D peaks. 12, 19 Ferrari et al. 9, 29 have also studied the doping effect on mechanically exfoliated graphene by exploiting the timedependent perturbation theory. The charge-transfer doping effect, which influences the Fermi surface of graphene and moves the Kohn anomaly away from q = 0, is an effect of nonadiabatic Kohn anomaly. 30 Doping can result in a stiffening of the E 2g ⌫ phonon ͑G line͒, and the G peak can be blueshifted as the charge carrier concentration goes high. The G-peak shifts can be described as: ͓h / ͑2͔͒⌬w͑G͒ = ␣ЈP͐ −ϱ ϱ ͕͓f͑ − F ͒ − f͔͑͒ 2 sin͖͑͒ / ͕ 2 − ͓͑h / 2͒w 0 ͔͖͑d͒, where ␣ = 4.39ϫ 10 −3 , P is the principal part, and f is the Fermi-Dirac distribution at T. Here, time-dependent perturbation theory was only fitted for phonons at ⌫ point. For the phonons between K and M point, the nonadiabatic effects are negligible due to the double resonance. As a result, the effect of charge-transfer doping in this case can still be described by a standard adiabatic phonon calculation 10 and the position of the 2D peak shows a redshift for an increasing electron concentration. The two different N-doped 6H-SiC ͑0001͒ substrates we used for growth were fine-polished and have smooth surfaces after calcinations in H 2 ͓see AFM image Fig. 1͑b͔͒ . The doping level does not change the crystal lattice structure of SiC. The strain is most likely to be the biaxial strain induced by the lattice mismatch between the graphene and the substrate. Besides, the cooling process can also influence the biaxial strain. As for our samples, the growth conditions are the same, so the difference of the biaxial strain induced by the cooling process can also be excluded. Hence, the unusual distinction of the Raman G-peak of epitaxial graphene on the two types of substrates may originate from the chargetransfer doping. In the case of electron transfer to graphene through the heavily N-doped 6H-SiC ͑0001͒ substrate, the graphene G-peak is blueshifted. In comparison, the Raman G-peak of epitaxial graphene on lightly N-doped substrate is similar to that of the mechanically exfoliated graphene, as the charge transfer effect is small ͓Figs. 3͑c͒ and 3͑d͔͒. 8 However, the 2D peak of the epitaxial graphene on the heavily N-doped substrate shows significant blueshift to that on the lightly N-doped substrate, which is inconsistent with the calculated results. 9, 11 This distinction might be caused by the strain inhomogeneity as reported by Robinson et al. 31 Doping induced charge transfer can also make significant decrease in the G-peak linewidth ͓FWHM͑G͔͒ for epitaxial graphene. 9 The G phonon ͑q G Ϸ 0͒ is sensitive to the carrier density according to the Pauli exclusion principle. 9, 28 In comparison, the decay of the D-phonon dispersion with large wave vector q D is unaffected in the case of low doping. Thus the 2D linewidth keep constant except that the Fermi level shift induced by charge-transfer is close to the exciting laser energy. 11, 32 In our results, the FWHM of the 2D line stays constant at 33Ϯ 0.5 cm −1 and does show no doping dependence. The FWHM of the G-line of epitaxial graphene on the type-I substrate is 24 cm −1 compared to 31 cm −1 for epitaxial graphene on the type-II substrate. Moreover, the relative intensity I͑2D͒ / I͑G͒ also shows a large variation from different doping level: I͑2D͒ / I͑G͒ is ϳ2.2 at low doping and is ϳ1.7 at high doping.
Based on the above discussion we conclude that the observation of different Raman scattering for epitaxial graphene grown on the two different N-doped substrates is caused by the charge transfer between the SiC substrates and the graphene. The G-peak shift is an indication of how much charge is transferred to epitaxial graphene. If we assume a charge neutrality point and filter the biaxial strain effect, we can estimate the carrier density of epitaxial graphene by using the G-peak shift from the time-dependent perturbation theory. 9 To further explore the substrate charge-transfer effect, we also grew graphene on both N-doped and P-doped 6H- ͑Color online͒ ͑a͒ Typical Raman spectra of a monolayer, a triple-layer, a six-layer and a ten-layer epitaxial graphene on the lightly N-doped 6H-SiC ͑0001͒, together with the reference spectra on the bared 6H-SiC ͑0001͒ substrate, as well as HOPG; ͑b͒ and ͑c͒ show the Raman peak positions for the G-band and the 2D-band with varying numbers of the epitaxial graphene layers, respectively; ͑d͒ and ͑e͒, respectively, illustrates the variation fits of the G-band and the 2D-band frequency as well as FWHM against the number of the epitaxial graphene layers. SiC ͑0001͒ substrates with different doping level. The graphene G peaks are presented in Fig. 4͑a͒ . Similar trends were found in the Raman G-peak shifts with different layer numbers. We note that, under the same substrate charge carrier concentration, the G peaks of epitaxial graphene grown on the P-doped substrate Fig. 4͑a͒ ͑᭝͔͒ shift more than on the N-doped substrate ͓Fig. 4͑a͒ ͑ᮀ͔͒. This might be caused by the different Schottky barriers between the epitaxial graphene and 6H-SiC substrate with different doping type, [33] [34] [35] as shown in Fig. 4͑b͒ . With the same Fermi level, the charge transfer from P-doped substrate is higher than that from N-doped substrate. Hence, the doping type of 6H-SiC may also influence the substrate doping effect.
IV. CONCLUSION
In summary, we carried out Raman spectroscopic studies for epitaxial graphene grown on the differently doped 6H-SiC ͑0001͒ substrate. The present study establishes that the Raman spectrum of epitaxial graphene is sensitive to the substrate charge-transfer doping, and the charge carrier type and concentration of epitaxial graphene can be altered by different substrates. These effects are comparable to those obtained by electrochemical doping. The use of differently doped SiC substrates to grow epitaxial graphene provides a simple way to dope graphene, thus we can choose proper substrates for graphene growth to meet the requirement of various devices making. 
